The progressive TIN (triangular irregular network) densification (PTD) filter algorithm is widely used for filtering point clouds. In the PTD algorithm, the iterative densification parameters become smaller over the entire process of filtering. This leads to the performance-especially the type I errors of the PTD algorithm-being poor for point clouds with high density and standard variance. Hence, an improved PTD filtering algorithm for point clouds with high density and variance is proposed in this paper. This improved PTD method divides the iterative densification process into two stages. In the first stage, the iterative densification process of the PTD algorithm is used, and the two densification parameters become smaller. When the density of points belonging to the TIN is higher than a certain value (in this paper, we define this density as the standard variance intervention density), the iterative densification process moves into the second stage. In the second stage, a new iterative densification strategy based on multi-scales is proposed, and the angle threshold becomes larger. The experimental results show that the improved PTD algorithm can effectively reduce the type I errors and total errors of the DIM point clouds by 7.53% and 4.09%, respectively, compared with the PTD algorithm. Although the type II errors increase slightly in our improved method, the wrongly added objective points have little effect on the accuracy of the generated DSM. In short, our improved PTD method perfects the classical PTD method and offers a better solution for filtering point clouds with high density and standard variance.
Introduction
Point clouds (including light detection and ranging (LiDAR) point clouds and dense image matching (DIM) point clouds have been widely used in various fields, such as land cover classification [1] , canopy detection and vegetation analysis [2, 3] , the reconstruction of digital terrain models (DTM) [4] , etc. In these applications, point clouds filtering is an essential step. Over the past two decades, various filtering algorithms have been proposed for the separation of ground points and off-ground points. According to the filter concept proposed in Ref. [5] , these filtering algorithms can be divided into four categories: surface-based filtering [6] [7] [8] , slope-based filtering [9] [10] [11] , clustering and segmentation [12] [13] [14] [15] and minimum-block-based filtering [16] [17] [18] . An experimental comparison of eight commonly used filtering algorithms was conducted by Sithole and Vosselman [5] .
The experimental results in the paper show that surface-based filtering algorithms perform better than other filtering algorithms.
According to the previous study, the surface-based filtering algorithms are divided into three sub-categories: morphology-based filtering [19] [20] [21] [22] , iterative-interpolation-based filtering [23, 24] and progressive-densification-based filters [25] [26] [27] [28] . Among the surface-based filtering algorithms, the progressive TIN (triangular irregular network) densification (PTD) algorithm proposed by Axelsson [25] is most widely used because of its robustness and effectiveness in the separation of ground points and non-ground points. Even though the PTD algorithm can perform well for both airborne LiDAR system (ALS) point clouds and DIM point clouds, this method still has some limitations. Aiming at these limitations, some improved PTD algorithms are proposed.
Lin et al. [26] used a segment instead of a single point as a basic processing unit to filter the point clouds. The experimental results show this method can remove the lower parts of large objects attached on the ground surface. Wang et al. [27] revised the iterative densification process of the PTD algorithm. Specifically, they first divided the ground points into grids; then, selected a lowest point as the ground point and classified other points as non-ground points to be judged by the thresholds again within each grid; and densified the TIN until the ratio of the difference calculated by the last two new ground points added into the TIN to the total points is less than a given threshold during two consecutive iterations. Compared with the classic PTD method, this algorithm can obtain smooth bare-earth and remove the low objective points. Nie et al. [28] applied a method similar to the Douglas-Peuker algorithm to build an improved TIN. In the stage of iterative densification, only one point, the distance of which to the corresponding TIN facet is minimum among all potential ground points, is selected as the ground point. Moreover, to preserve the ground measurements, the angle threshold is greater than the given maximum threshold in the stage of parameter specification. The biggest advantage of this method is to remove point clouds belonging to lower objects and preserve ground measurements in topographically complex areas.
From the analysis of these improved methods, we can see that these improved methods mainly focus on removing point clouds belonging to lower objects. However, in some applications, such as object classifications [29] , lowering the type I errors also plays an important role so that the ground points can be extracted from point clouds completely. Moreover, the PTD algorithm does not consider the influence of the density and standard variance of point clouds on the filtering performance. In fact, when the PTD algorithm is applied for the point clouds with high density and standard variance, the type I errors can reach 40% [30] . Furthermore, experimental results [30, 31] show that the higher the density and standard variance of point clouds are, the worse the performance of the PTD algorithm is.
To remove the ground points from point clouds with high density completely, researchers [1, [32] [33] [34] rarefied the point clouds with high density and standard variance at first; then used the PTD algorithm to obtain the ground points and construct the digital terrain model (DTM); and, finally, calculated the distance from an unclassified point to the DTM. If this distance is lower than a given threshold, this point is regarded as a ground point; otherwise, it is a non-ground point. However, this method has two limitations:
•
The rarefied points may miss the topographic features and the constructed DTM cannot reflect the true ground surface.
The threshold is difficult to determine. If the given threshold is higher than the real threshold, objective points will be regarded as ground points. If the given threshold is lower than the real threshold, the ground points cannot be removed completely.
Therefore, this paper analyzes how the density and standard variance of point clouds impact the filtering performance of the PTD method. Based on the analysis, an improved PTD algorithm is proposed. The main difference between the classical PTD algorithm and the improved PTD algorithm is the change of densification parameters in the process of iterative densification. In the entire iterative densification process of the classical PTD method, the angle threshold and distance threshold become smaller, whereas, in the improved PTD algorithm, the angle threshold of our improved method becomes smaller in the first stage and then becomes larger in the second stage. Notably, the change of the angle threshold in our proposed method is different from the change of angle threshold in Ref. [28] . In Ref. [28] , the angle threshold is only greater than the maximum angle value which is specified at the stage of the parameter input. It is a fixed value. In our proposed method, the angle threshold is changing during the process of iterative densification. Based on the angle threshold, the process of densification of the improved PTD algorithm is divided into two stages:
In the first stage, the densification strategy of the classical PTD algorithm is used; and the initial TIN is densified until the density of points belonging to the TIN reaches a certain value (in this paper, we define the value as the standard variance intervention density).
In the second stage, a new strategy based on multi-scales for densification is proposed. In this densification strategy, a contour interpolation method based-triangulation is used for the calculation of densification parameters.
To evaluate the performance of our proposed method, the Vaihingen dataset, which contains the ALS data and aerial images, was selected. With the aid of the commercial software package PhotoScan [35] , the aerial images were converted into the DIM point clouds which have the high density and standard variance. The experimental results show that our proposed method can reduce the type I errors efficiently and constrain the increase of type II errors. The rest of this paper is organized as follows:
• Section 2 analyzes how the density and standard variance of point clouds impact the performance of the classical PTD algorithm and details the improved PTD algorithm. • Section 3 presents the performance evaluation and discusses the experimental results using two test patches of the Vaihingen dataset followed by a comparative analysis. • Section 4 concludes the paper.
Methodology

PTD Algorithm
The classical PTD algorithm is an iterative process, wherein an initial TIN consisting of seed points is densified. The process can be divided into three steps:
•
Parameter input. According to the commercial software TerraSolid, five key parameters should be determined in the PTD algorithm: max building size, which determines the size of grid cell; terrain angle, which decides whether adopts the mirror technology; iteration angle, which is the maximum angle between the TIN facet and a line that links an unclassified point to the closest vertex of the facet; iteration distance, which is the maximum distance from an unclassified point to the corresponding TIN facet; and Edge length, which represents the minimum threshold for the maximum edge length of TIN facet. • Seed point selection. The lowest point within a user-defined grid, the size of which is based on max building size, is selected. These lowest points are seed points, and the seed points are used to construct the initial TIN. Notably, before the selection of seed points, the outliers of point clouds should be removed so that there are no outliers among the selected seed points. • Iterative densification of the TIN. The densification parameters for each iteration are calculated using the ground points belonging to TIN and an unclassified point is added to TIN if both the angle and distance values from this point to TIN facet are below the calculated densification parameters. This is continued until all points are classified as ground points or objective points.
The Density and Standard Variance of Point Clouds
Our proposed method focuses on the impact of the density and standard variance of point clouds on the performance of the PTD algorithm. Before the analysis, we need to take some time to review ISPRS Int. J. Geo-Inf. 2018, 7, 409 4 of 18 the density and standard variance of point clouds. The density of point clouds is the number of points per square meter. The standard variance of points is the standard variance of the residuals of plane fitting (RPF) within a local plane.
In Equation (1), N represents the number of points within the local plane and ∆H i is the distance from the i th point to the fitted plane. Since the standard variances of points from each selected patch are not different from each other, we use the average standard variance to present the standard variance of point clouds.
According to a previous study [36] , the distribution of the standard variance can be regarded as the normal distribution. The proportion of data in the standard deviation range of a mean n times is called the error function (ERF).
Mann et al. [37] pointed out that 95.5% of data should be in the range of twice the standard deviation of the data. Therefore, if the distance from an unclassified point to the fitted plane is less than twice the standard deviation, this point can be considered as an inlier; otherwise, it is an outlier. In other words, the distance from a ground point to the true terrain surface should be less than twice the standard variance of point clouds. This conclusion will help us to analyze how both the density and standard variance of point clouds impact the performance of the PTD algorithm.
The Impact of the Density and Variance of Point Clouds on the Filtering Performance of the PTD Algorithm
In the PTD algorithm, the parameter Edge length contains two sub-parameters-L 1 and L 2 (L 1 > L 2 )-and represents the minimum threshold for the maximum edge length of the TIN facet. Depending on whether the minimum edge length is chosen, the iterative densification process of the PTD algorithm can be divided into two modes: the minimum edge densification mode and the non-minimum edge densification mode. Hence, we take the DIM point clouds used in the experiment as an example to analyze the impact of the variance and density of point clouds on the performance of the PTD algorithm in these two modes, respectively. The standard variance of the selected DIM point clouds is 0.066 m, and the density of the DIM point clouds is about 40/m 2 . Referring to Refs. [26, 27] , the distance threshold, angle threshold, L 1 and L 2 are 1.4 m, 6 • , 5 m and 2 m, respectively.
(1) Minimum Edge Densification Mode
In this mode, L 1 and/or L 2 are/is selected. If L 1 is selected, the iteration angle is reduced when the length of an edge of the TIN facet is less than L 1 . If L 2 is selected, the unclassified ground point located in the corresponding TIN facet will be regarded as a non-ground point if an edge of this TIN facet is less than L 2 ; and the constructed TIN will not be updated.
As shown in Figure 1a , the TIN facet ∆ABC is a positive triangle and the length of each edge of this facet is L 1 , which is equal to 5 m. Given that the point P 0 is an unclassified ground point, the distance from this point to this facet may be twice the standard variance of the selected DIM point clouds, and is equal to 0.132 m according to the Equation (2). The projected point of point P 0 is point P 3 , as shown in Figure 1b ,d. It is obvious that, if the distance from P 3 to a vertex of the facet is greater than 1.25 m (0.132 m tan 6 • = 1.25m), the calculated angle value is below 6 • and point P 0 is accepted by the TIN, as shown in the shadowed region in Figure 1a . When projected point P 3 is located near the three vertices of the triangle, the angle value of the point to the facet will be larger than the given angle threshold and the point P 0 will be judged as an objective point, as shown in Figure 1c . If the length of an edge of this facet is L 2 , the angle value from the unclassified ground point P 0 to the facet ∆ABC is beyond the angle threshold; and the point P 0 will be regarded as an objective point. Hence, if we hope that all the unclassified ground points can be added to the TIN, the angle threshold should become larger. (2) Non-Minimum Edge Densification Mode
In this mode, if a point satisfies the densification threshold, this point is added to the constructed TIN, and the TIN is updated. As shown in Figure 2a , we assume that points P0-P5 are ground points and present the true ground surface. In the initial stage of filtering, points P1 and P2 are selected as seed points and points P0, P3, P4, and P5 are the unclassified ground points, as shown in Figure 2b . Since the calculated distance and angle from point P0 to the facet are below the iterative densification threshold, point P0 will be added to the TIN and the TIN is updated. We continue to densify the TIN, and then point P4 is accepted by the TIN, as shown in Figure 2c . When the number of points added into the TIN increases, the distance between the projected point of the newly added unclassified ground point and the vertices of the facet become small. The calculated angle will become larger than the given angle threshold due to the influence of the standard variance. Hence, the unclassified ground points P4 and P5 are rejected in the process of iterative densification. Similarly, if we hope that all unclassified ground points can be added to the TIN, the angle threshold should become larger. (
2) Non-Minimum Edge Densification Mode
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The Change of Densification Thresholds Considering the Density and Standard Variance of Point Clouds in the Process of Iterative Densification
The above analysis shows that the high standard variance and density of point clouds will damage the performance of the PTD algorithm, especially the type I error of the PTD algorithm. Furthermore, according to this analysis, the process of the iterative densification of PTD algorithm can be divided in two stages:

In the initial densification stage, the TIN constructed by seed points only reflects the coarse ground surface shape. With the increase of points belonging to the TIN, the TIN is densified and is more approximate to the real terrain surface. In this stage, the calculated parameters include the angle and distance from the ground points to the TIN become smaller. 
In the second stage, the density of points belonging to TIN reaches a certain value. The horizontal distance between the added point and the vertex of the triangle becomes smaller, so that the standard variance of point clouds will cause that the calculated angle is beyond the angle threshold. The unclassified ground point will be rejected by the TIN. To guarantee that unclassified ground points can be added to the network as much as possible, the angle threshold should become larger in this stage.
Therefore, when we use the PTD algorithm to filter the point clouds with high density and standard variance, the distance threshold should be from large to small, whereas the angle threshold should be from large to small in the initial densification stage and then from small to large in the second stage. In this paper, we define this density as the standard variance interventional density ( thr DEN ). When the density of point clouds belonging to TIN is higher than thr DEN , the angle threshold should be increased so that the unclassified ground points as much as possible. Figure 1a ,b shows the process of calculating thr DEN . ∆ABC represents the real terrain surface, and the point P0 is the unclassified ground point. The distance from point P0 to ∆ABC is only caused by the standard variance of the point clouds, as the projected point P3 of point P0 is located at the center of ∆ABC. If the point P0 can be added into the TIN, the area of the facet should be at least 
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•
In the initial densification stage, the TIN constructed by seed points only reflects the coarse ground surface shape. With the increase of points belonging to the TIN, the TIN is densified and is more approximate to the real terrain surface. In this stage, the calculated parameters include the angle and distance from the ground points to the TIN become smaller.
Therefore, when we use the PTD algorithm to filter the point clouds with high density and standard variance, the distance threshold should be from large to small, whereas the angle threshold should be from large to small in the initial densification stage and then from small to large in the second stage. In this paper, we define this density as the standard variance interventional density (DEN thr ). When the density of point clouds belonging to TIN is higher than DEN thr , the angle threshold should be increased so that the unclassified ground points as much as possible. Figure 1a ,b shows the process of calculating DEN thr . ∆ABC represents the real terrain surface, and the point P 0 is the unclassified ground point. The distance from point P 0 to ∆ABC is only caused by the standard variance of the point clouds, as the projected point P 3 of point P 0 is located at the center of ∆ABC. If the point P 0 can be added into the TIN, the area of the facet should be at least 3 √ 3σ 2 /tan 2 α; otherwise, this ground point is rejected. The density of the point clouds is the standard variance intervention density and is expressed as follows:
In Equation (3), σ is the standard variance of the point clouds; α is the iteration angle which is specified before filtering; and k is called the density coefficient which is given by experience. In this paper, the parameter is 2.0-100.0. From Equation (3), we can see that DEN thr is inversely proportional to the standard variance of the point clouds. Since the density and the standard variance of the ALS data are small, the PTD algorithm can obtain good performance for the ALS data without considering the density and standard variance of the point clouds. However, for point clouds with high density and standard variance, such as the DIM point clouds, the type I error of the PTD algorithm may be very high when the PTD algorithm is used for filtering.
Our Improved PTD Algorithm
Based on the analysis in Section 2.4, this paper proposes an improved PTD algorithm considering the density and standard variance of point clouds. Figure 3 shows the entire workflow of the revised PTD algorithm. In Figure 3 , the improved PTD algorithm mainly consists of three steps: (1) parameter specification and seed point selection; (2) iterative densification based on the densification strategy of the PTD algorithm; and (3) iterative densification of TIN based on multi-scales. of the ALS data are small, the PTD algorithm can obtain good performance for the ALS data without considering the density and standard variance of the point clouds. However, for point clouds with high density and standard variance, such as the DIM point clouds, the type I error of the PTD algorithm may be very high when the PTD algorithm is used for filtering.
Based on the analysis in Section 2.4, this paper proposes an improved PTD algorithm considering the density and standard variance of point clouds. Figure 3 shows the entire workflow of the revised PTD algorithm. In Figure 3 , the improved PTD algorithm mainly consists of three steps: (1) parameter specification and seed point selection; (2) iterative densification based on the densification strategy of the PTD algorithm; and (3) 
Parameter Specification and Seed Point Selection
In this section, we specify the initial densification parameters and select seed points according to Refs. [25, 26] . The selected seed points are used to construct the initial TIN.
Iterative Densification Based on the Densification Strategy of the PTD Algorithm
Since the TIN constructed by seed points only contains a few points, the length of each edge of the facet is large. The standard variance of the point clouds has little impact on the filtering results. Hence, we can still apply the strategy of the PTD algorithm to densify the TIN in the initial densification stage. When the density of points belonging to the constructed TIN is higher than thr DEN , the densification process moves into the next stage.
Iterative Densification of TIN Based on Multi-Scales
The distribution of points in the TIN is not uniform (e.g., the size of each facet in the TIN varies greatly). This leads to the fact that one set of densification thresholds cannot meet the densification requirements. To overcome the limitations, the points need to be resampled according to the specified scale. The resampled points are used to construct a new TIN where the distribution of points is 
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Iterative Densification Based on the Densification Strategy of the PTD Algorithm
Since the TIN constructed by seed points only contains a few points, the length of each edge of the facet is large. The standard variance of the point clouds has little impact on the filtering results. Hence, we can still apply the strategy of the PTD algorithm to densify the TIN in the initial densification stage. When the density of points belonging to the constructed TIN is higher than DEN thr , the densification process moves into the next stage.
Iterative Densification of TIN Based on Multi-Scales
The distribution of points in the TIN is not uniform (e.g., the size of each facet in the TIN varies greatly). This leads to the fact that one set of densification thresholds cannot meet the densification requirements. To overcome the limitations, the points need to be resampled according to the specified scale. The resampled points are used to construct a new TIN where the distribution of points is roughly uniform. Specifically:
•
Divide the survey region into grids according to the specified scale. • Choose a point in a random grid, as shown with the red points in Figure 4 . • Construct the TIN using the selected points (the constructed TIN can be seen in Figure 4 ). Therefore, the process of the iterative densification of TIN based on the multi-scales in the improved PTD algorithm can be summarized as follows:

Divide ground points obtained in the third step into grids according to the specified scale and use the resampled points to construct a new TIN.  Calculate the densification thresholds including angle and distance threshold.  If both the calculated angle and distance values of an unclassified point are less than the calculated densification thresholds, this point is classified as a ground point; otherwise, it is an objective point. If the number of points added to the new TIN is less than or the given scale is less than ℎ , go to the fifth step; otherwise, go to the fourth step.  Increase the scale (e.g., reduce the size of grid cell) and go to the first step. 
The filtering is finished and results are output.
In this paper, and ℎ are 2000 and 1 m, respectively. The key step of this process is how to calculate the densification thresholds. As shown in Figure 4 , at Scale_2, the constructed TIN only contains a part of ground points. The angle and distance values from ground points which are not used for the construction of the new TIN reflect the angle and distance values from the unclassified ground points in the TIN at Scale_2. Based on this, a new strategy for calculating the densification thresholds is proposed here:
Calculate the angle and distance values from ground points which are not used to construct the new TIN to this TIN.  Project the calculated distance and angle values to a plane with the angle value on the vertical axis and the distance value on the horizontal axis, as shown in Figure 5a .  Divide the two-dimensional planar into grids according to the specific size and calculate the number of points within each grid.  Use the triangulation-based scattered data interpolation method [38] to generate a contour map. The corresponding maximum angle value and maximum distance value of the outer contour present the densification parameters shown in Figure 5b . Therefore, the process of the iterative densification of TIN based on the multi-scales in the improved PTD algorithm can be summarized as follows:
• Divide ground points obtained in the third step into grids according to the specified scale and use the resampled points to construct a new TIN. • Calculate the densification thresholds including angle and distance threshold.
•
If both the calculated angle and distance values of an unclassified point are less than the calculated densification thresholds, this point is classified as a ground point; otherwise, it is an objective point. If the number of points added to the new TIN is less than n or the given scale is less than s thr , go to the fifth step; otherwise, go to the fourth step. • Increase the scale (e.g., reduce the size of grid cell) and go to the first step.
In this paper, n and s thr are 2000 and 1 m, respectively. The key step of this process is how to calculate the densification thresholds. As shown in Figure 4 , at Scale_2, the constructed TIN only contains a part of ground points. The angle and distance values from ground points which are not used for the construction of the new TIN reflect the angle and distance values from the unclassified ground points in the TIN at Scale_2. Based on this, a new strategy for calculating the densification thresholds is proposed here:
Calculate the angle and distance values from ground points which are not used to construct the new TIN to this TIN. • Project the calculated distance and angle values to a plane with the angle value on the vertical axis and the distance value on the horizontal axis, as shown in Figure 5a . • Divide the two-dimensional planar into grids according to the specific size and calculate the number of points within each grid.
• Use the triangulation-based scattered data interpolation method [38] to generate a contour map. The corresponding maximum angle value and maximum distance value of the outer contour present the densification parameters shown in Figure 5b .
thresholds is proposed here:
 Calculate the angle and distance values from ground points which are not used to construct the new TIN to this TIN.  Project the calculated distance and angle values to a plane with the angle value on the vertical axis and the distance value on the horizontal axis, as shown in Figure 5a .  Divide the two-dimensional planar into grids according to the specific size and calculate the number of points within each grid.  Use the triangulation-based scattered data interpolation method [38] to generate a contour map. The corresponding maximum angle value and maximum distance value of the outer contour present the densification parameters shown in Figure 5b . 
Experiments and Performance Evaluation
Data Description and Study Area
The performance of the proposed approach was tested on the Vaihingen dataset, which is published by international society for photogrammetry and remote sensing (ISPRS) Commission II/Working Group II/4 and has the real ground reference value. Two patches numbered 11 and 32 were selected for evaluation, where the patch numbered 11 is a slope area and the patch numbered 32 is a flat area. This dataset consists of two types of data: aerial images and ALS data. We used the commercial software PhotoScan [35] to generate the DIM points combining the supplied orientation parameters. The test datasets can be seen in Figure 6 . Table 1 shows the basic information of the test data. ISPRS gave the semantic labels of the two test areas. However, since ALS data and aerial images were obtained at different times, the real ground reference values need to be modified slightly by an operator. The standard variance and density of point clouds are important parameters in our proposed algorithm. Before filtering, the standard variance of the point clouds should be calculated. As shown in Figure 6d , nine planar patches were selected. Equation (1) was used to calculate the standard variance of each patch, and the average standard variance of nine patches presents the standard variance of the point clouds. The standard variances of the two types of point clouds can be seen in Table 2 . In Table 2 , the standard variances of the DIM point clouds and ALS data are 0.066 m and 0.027 m, respectively. In this experiment, we defined the density coefficient k as 10.0. According to Equation (3), the standard variance intervention densities of ALS data and DIM point clouds are 29.2/m 2 and 4.9/ m 2 , respectively. Since the density of ALS data is far smaller than 29.2/m 2 , we used the proposed method to filter the DIM point clouds and rarefied DIM point clouds, which were resampled according to the density of the ALS data, and used the PTD method to filter the DIM point clouds, the rarefied DIM point clouds and the ALS data.
32 is a flat area. This dataset consists of two types of data: aerial images and ALS data. We used the commercial software PhotoScan [35] to generate the DIM points combining the supplied orientation parameters. The test datasets can be seen in Figure 6 . Table 1 shows the basic information of the test data. ISPRS gave the semantic labels of the two test areas. However, since ALS data and aerial images were obtained at different times, the real ground reference values need to be modified slightly by an operator. 
Parameter Selection
Our improved PTD method has five key parameters in common with the classical PTD method. The values of these input parameters are dependent on the experienced judgment based on the site landscape. In this study, the values of all key input parameters were determined according to previous studies [25] [26] [27] . The detailed values of all parameters in the PTD and improved PTD methods are listed in Table 3 . Table 3 . The values of all input parameters in the PTD and improved PTD methods for two test areas.
Test Area
The Type of Data In this paper, we mainly focus on the process of iterative densification. To weaken the effect of seed points on filtering results, the seed points were selected by operators. The selected seed points for two test areas can be seen in Figure 7 . 
Performance Evaluation between the PTD Algorithm and Improved PTD Algorithm
Qualitative Analysis
The qualitative analysis is made by visual inspection. Figures 8-10 show the filtering results of two kinds of methods for the three types of data in two test areas. In Figures 8-10 , the size of the points from the ALS and rarefied DIM point clouds is larger than that of points from the DIM point cloud so that we can see the clear results of the PTD algorithm and improved PTD algorithm on the rarefied DIM point clouds and the ALS data. It is obvious that, compared with the PTD algorithm, the improved PTD algorithm has better performance for point clouds with high density and standard variance (e.g., the DIM point clouds and the rarefied DIM point clouds). Two factors hinder the performance of the PTD method:

The standard variance of the DIM point clouds is higher than that of ALS data when the densities of point clouds are the same. We o concluded this because the comparison of the filtering results of the PTD method for the rarefied DIM point clouds and the ALS data in two test areas indicates that the high standard variance of point clouds damages the performance of the PTD algorithm. 
The high density of DIM point clouds can also damage the performance of the PTD algorithm when the standard variances of point clouds are the same. The filtering results of the PTD method for the DIM point clouds and the rarefied DIM point clouds confirm this conclusion. In fact, the type I errors of the PTD method on the rarefied DIM point clouds are 7.4% and 9.6% in the two test areas, respectively, and are lower than that of the PTD method on the original DIM point clouds. The above analysis agrees with previous studies (see Section 2.3), which demonstrates that the high standard variance and density of point clouds impact the performance of the PTD method. 
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•
The standard variance of the DIM point clouds is higher than that of ALS data when the densities of point clouds are the same. We o concluded this because the comparison of the filtering results of the PTD method for the rarefied DIM point clouds and the ALS data in two test areas indicates that the high standard variance of point clouds damages the performance of the PTD algorithm.
The high density of DIM point clouds can also damage the performance of the PTD algorithm when the standard variances of point clouds are the same. The filtering results of the PTD method for the DIM point clouds and the rarefied DIM point clouds confirm this conclusion. In fact, the type I errors of the PTD method on the rarefied DIM point clouds are 7.4% and 9.6% in the two test areas, respectively, and are lower than that of the PTD method on the original DIM point clouds.
The above analysis agrees with previous studies (see Section 2.3), which demonstrates that the high standard variance and density of point clouds impact the performance of the PTD method. proposed method for the DIM point clouds; (e) the filtering results of the proposed method for the rarefied DIM point clouds.
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Ground points classified as objective points
Objective points classified as ground points 
Quantitative Analysis
Three types of errors, proposed by Sithole and Vosselman [11] , namely type I errors, type II errors, and total errors, were used to quantitatively analyze the performance of the two filtering algorithms. Type I error is the ratio of ground points misclassified as non-ground points, whereas type II error is the percentage of non-ground points misclassified as ground points, and total error is the ratio of all misclassified points. The expressions of type I error, type II error and total error are:
where a represents the number of ground points, b represents the number of non-ground points, c presents the number of ground points which were wrongly classified as non-ground points, and d presents the number of off-ground points which were incorrectly classified as ground points. Three types of errors of the PTD and improved PTD methods on three types of point clouds in two testing areas can be seen in Table 4 . 
where a represents the number of ground points, b represents the number of non-ground points, c presents the number of ground points which were wrongly classified as non-ground points, and d presents the number of off-ground points which were incorrectly classified as ground points. Three types of errors of the PTD and improved PTD methods on three types of point clouds in two testing areas can be seen in Table 4 . The statistical results in Table 4 indicate that both filtering algorithms can achieve a relatively good filter performance, and the maximum total error is less than 11.06% for the two test datasets. Compared with the DIM point clouds and rarefied DIM point clouds, the PTD algorithm can obtain the best performance on the ALS data. This indicates that both the high density and high standard variance of point clouds can damage the performance of the PTD algorithm. Table 4 presents an interesting phenomenon: the type II errors of the PTD method on the rarefied DIM point clouds is higher than that of the PTD method on the DIM point clouds. This is mainly because the density of the rarefied DIM point clouds is lower than that of the DIM point clouds. In fact, the high density of DIM points will reduce the percentage of points added to TIN when the PTD algorithm is used. The phenomenon that the type II errors of the PTD method on the rarefied DIM point cloud is higher than that of the PTD method on the DIM point clouds can explain why the type II errors of the improved PTD method on the rarefied DIM point clouds is higher than that of the improved PTD method on the DIM point clouds. In fact, the process of iterative densification of our proposed method consists of two stages. In the first stage, the process of iterative densification PTD algorithm is used. This introduces type II errors. Additionally, the type I errors of the improved PTD method on the rarefied DIM point clouds and DIM point clouds are almost the same.
In Table 4 , the average values of the type I, type II and total errors of the PTD algorithm for the DIM point clouds are 11.81%, 7.97% and 10.34%, respectively, and the average of the type I, type II and total errors of the improved PTD algorithm for the DIM point clouds are 4.28%, 9.46% and 6.26%, respectively. Similarly, the average values of the type I, type II and total errors of the PTD algorithm for the rarefied DIM point clouds are 8.5%, 14.54% and 10.51%, respectively, and the average of the type I, type II and total errors of the improved PTD algorithm for the rarefied DIM point clouds are 4.15%, 15.54% and 8.78%, respectively. The results show that our proposed method can reduce the type I errors and total errors of point clouds with high density and standard variance efficiently.
Compared with the PTD algorithm, the improved algorithm increases the type II errors slightly. This is mainly because the angle threshold increases in the process of the iterative densification of TIN based on multi-scales in our proposed method. Although the type II errors increase in our proposed method, these errors have little effect on the generation of DSM. This is mainly because the change of distance threshold becomes small in the process of the iterative densification of TIN based on multi-scales. As shown in Figure 11 , the distribution of wrongly classified objective points is almost the same in both the PTD algorithm and improved PTD algorithm. The added wrongly classified objective points of the improved PTD algorithm are still within the region where the wrongly classified objective points of the PTD algorithm are located. The improved PTD algorithm only densifies these regions by the larger angle threshold. Hence, our proposed method has a huge advantage in dealing with point clouds with high density and standard variance. Notably, our proposed method has a disadvantage. The density coefficient in Equation (3) is hard to be estimated because the facets belonging to TIN are not all symmetrical triangles. This leads to calculating thr which decides whether our proposed method would be inaccurate. The area marked B in Figure 10 shows this example.
The Change of Iterative Densification Thresholds in the Improved PTD Algorithm
The biggest differences between the PTD method and our proposed method is the change of densification thresholds in the process of iterative densification. Figure 12 shows the change of densification thresholds including the angle and distance in the second densification stage of our proposed method on the DIM points and rarefied DIM points in two test areas. Notably, our proposed method has a disadvantage. The density coefficient k in Equation (3) is hard to be estimated because the facets belonging to TIN are not all symmetrical triangles. This leads to calculating DEN thr which decides whether our proposed method would be inaccurate. The area marked B in Figure 10 shows this example.
The biggest differences between the PTD method and our proposed method is the change of densification thresholds in the process of iterative densification. Figure 12 shows the change of densification thresholds including the angle and distance in the second densification stage of our proposed method on the DIM points and rarefied DIM points in two test areas.
Since the number of points added to TIN is less than 2000 in the second iterative densification stage of the proposed method for the rarefied DIM point clouds when the scale is 2 m, the angle value and distance value is absence when the scale is 1 m. Figure 12 shows that the distance value becomes smaller and the angle value becomes larger when the density of the points added to TIN is greater than DEN thr . This change is in agreement with the description in Section 2.4. Since the number of points added to TIN is less than 2000 in the second iterative densification stage of the proposed method for the rarefied DIM point clouds when the scale is 2 m, the angle value and distance value is absence when the scale is 1 m. Figure 12 shows that the distance value becomes smaller and the angle value becomes larger when the density of the points added to TIN is greater than thr. This change is in agreement with the description in Section 2.4.
Conclusions
Point clouds filtering is an essential processing step for the applications of point clouds, including ALS point clouds and DIM point clouds. In this paper, an improved PTD method is proposed. A dataset provided by ISPRS Commission II/Working Group II/4 was employed to verify our improved PTD method; moreover, the two reference samples from the sub-areas were used to calculate the accuracies of the proposed approach. The experimental results show that both our proposed method and the PTD method can achieve relatively good filter performance on different types of point clouds. However, the improved PTD method can obtain better performance on the point clouds with high density and standard variance compared with PTD method. Particularly, it may have significantly lower type I errors and total errors than the PTD algorithm, although it may have higher type II errors, which have little impact on the generation of DSM, which will reduce the cost of the following manual correction. This leads to our approach being extremely suitable for DIM 
Point clouds filtering is an essential processing step for the applications of point clouds, including ALS point clouds and DIM point clouds. In this paper, an improved PTD method is proposed. A dataset provided by ISPRS Commission II/Working Group II/4 was employed to verify our improved PTD method; moreover, the two reference samples from the sub-areas were used to calculate the accuracies of the proposed approach. The experimental results show that both our proposed method and the PTD method can achieve relatively good filter performance on different types of point clouds. However, the improved PTD method can obtain better performance on the point clouds with high density and standard variance compared with PTD method. Particularly, it may have significantly lower type I errors and total errors than the PTD algorithm, although it may have higher type II errors, which have little impact on the generation of DSM, which will reduce the cost of the following manual correction. This leads to our approach being extremely suitable for DIM point clouds which have high density and standard variance. However, this does not mean that our approach cannot be applied for ALS data. Since the density and standard variance of the ALS data are low, the calculated DEN thr is smaller than the density of the ALS data. The densification process of the improved PTD method will only stay in the first stage. Additionally, our approach is sensitive to the standard variance of point clouds. The incorrect standard variance will influence the estimation of DEN. thr . Furthermore, the density is also given by experience. Future work will focus on improving the proposed filter to reduce the type II errors and how to calculate DEN thr accurately.
